Quantifying the effects of climate change and human activities on runoff changes is the focus of climate change and hydrological research. This paper presents an integrated method employing the Budyko-based Fu model, hydrological modeling, and climate elasticity approaches to separate the effects of the two driving factors on surface runoff in the Luan River basin, China. The Budykobased Fu model and the double mass curve method are used to analyze runoff changes during the period 1958∼2009. Then two types of hydrological models (the distributed Soil and Water Assessment Tool model and the lumped SIMHYD model) and seven climate elasticity methods (including a nonparametric method and six Budyko-based methods) are applied to estimate the contributions of climate change and human activities to runoff change. The results show that all quantification methods are effective, and the results obtained by the nine methods are generally consistent. During the study period, the effects of climate change on runoff change accounted for 28.3∼46.8% while those of human activities contributed with 53.2∼71.7%, indicating that both factors have significant effects on the runoff decline in the basin, and that the effects of human activities are relatively stronger than those of climate change.
Introduction
The water cycle is subjected to the dual influences of both climate change and human activities [1] . Climate change, especially the change of rainfall and temperature, will largely determine the future runoff of a basin [2] . Human activities such as land use and cover change (LUCC) [3] and water resources projects [4] will also affect the water resources. Hence, it is important to separate the effects of climate change and human activities on runoff changes in order to identify the leading factors and to develop sustainable water resources management strategies in a changing environment. To date, several studies have been attempted to separate the effects of climate change and human activities. For example, Wang et al. [2] analyzed the effects of climate change and human activities on runoff in two basins in northern China using a monthly water balance model and fixing-changing method and showed that the effects of human activities (accounting for 65% and 69%, resp.) are stronger than those of climate change (accounting for 35% and 31%, resp.) in the two basins. Zhang et al. [5] concluded that the effects of climate change on annual runoff reduction accounted for about 43% according to the Budyko-based Fu model applied to the HunTai River basin in China. Li et al. [6] found that the land use change effects contributed with about 31∼40% to runoff decline when using both hydrological models and sensitivitybased approaches in three catchments in southeast Australia. These studies together show that the effects of climate change and human activities on runoff vary between different basins, and regional analysis of the local-scale effects needs to be considered, particularly for the basins with intensive human activities where more aspects related to hydrological cycle should be considered.
Present studies mainly follow the paradigm of "determining the abrupt change points and baseline period, and then quantifying the effects of climate change and human 2 Advances in Meteorology activities. " Firstly, statistical methods (e.g., nonparametric tests and time series analysis) and graphical methods (e.g., double mass curve and flow duration curves) are often used to detect the change points of runoff changes [7] . Secondly, the hydrological modeling approach [8, 9] and climate elasticity approach [10, 11] are used to quantify the effects of climate change and human activities on runoff changes. Usually, the hydrological modeling approach is used to measure the effects using physically based distributed hydrological models or lumped conceptual models. The lumped conceptual models are often easier to calibrate and use fewer input datasets, while the distributed hydrological models are difficult to apply to large basins due to their requirement of more detailed inputs. However, the distributed hydrological models could provide more details of the hydrological cycle with respect to different spatial patterns. Compared to the hydrological modeling approach, the climate elasticity approach is another useful method using fewer hydroclimatic datasets; however, climate elasticity methods are usually based on annual means and so provide generalized relationships without considering the underlying surface of a basin [6] . Two common types of climate elasticity approaches are the statistical analysis-based nonparametric method [12] and the Budyko-based analytical derivation method [13, 14] . A comparison of the two types may help to improve and extend the climate elasticity methods. In general, integrating the hydrological modeling and climate elasticity approaches will be better for understanding the complex relationships between climate change, human activities, and the water cycle. Thus, this paper presents an integrated method based on the Budyko-based Fu model, hydrological modeling, and climate elasticity approaches to quantify the effects of climate change and human activities on surface runoff. Moreover, the two approaches (hydrological modeling and climate elasticity methods) are also discussed in terms of the uncertainties and the influencing factors of the quantitative results, whereas few previous studies have conducted these analyses.
The Luan River basin is one of the most vulnerable areas to intensive human activities and climate change in China [15] . It is also the main water source of some big cities in northern China. Fan et al. [16] found that reduced streamflow is mainly an impact of precipitation change. However, Wang and Liu [17] found that the reduced water resources are mainly due to the impacts of human activities, including irrigation and water diversion. The studies found different conclusions, yet quantitative research distinguishing the influences of climate change and human activities on the water cycle in this basin remains scarce. Therefore, we tried to conduct a systemic study on this topic in the basin using longterm datasets covering 1958-2009 and found an efficient and practical approach to separate the effects of climate change and human activities.
The objective of this study is to quantify the influence of climate change and human activities on runoff in the Luan River basin using an integrated method combing a climate elasticity approach (using one nonparametric method and six Budyko-based methods) with a hydrological modeling approach (the Soil and Water Assessment Tool (SWAT) distributed model and SIMHYD lumped model). In addition, the two approaches used for the quantification are also discussed and analyzed. The paper is arranged as follows. Section 2 describes the characteristics of the study basin and data sources used. Section 3 describes the methodology including the Fu model for the abrupt change point detection, the structures of the SIMHYD and SWAT models, the hydrological model calibration and validation, details of the climate elasticity methods, and methodology for separating the effects of climate change and human activities. Results are provided and discussed in Section 4 and conclusions are summarized in Section 5.
Study Area and Data
The Luan River basin (LRB), shown in Figure 1 , is located in the region 115. (Figure 1) , and some water diversion projects were also constructed to supply water to Tianjin and Tangshan cities and for irrigation in the Luanxian Irrigation Area.
Data used in this study consist of daily precipitation, maximum and minimum temperature, and sunshine duration at nine meteorological stations from 1958 to 2009 supplied by the China Meteorological Data Sharing Service System. Monthly runoff data covering the same period were obtained for the Luanxian gauge station (Figure 1 ). The Luanxian gauge station is located in the lower reaches of the basin and its hydrological characteristics represent the characteristics of the whole basin. Daily potential evapotranspiration data needed for hydrological modeling were calculated by the Hargreaves method [18] , which has been validated in this region [19] .
The digital geographic information data applied in the distributed hydrological modeling including digital elevation model (DEM) data at 500 m resolution are from the public domain of GTOPO 30 of the American Geological Survey, and the land use and soil type data are from the resources and environment data center of the Chinese Academy of Sciences at 1000 m resolution.
Methods

Detection of the Abrupt Change Point.
According to the Budyko [20, 21] hypothesis, there exists a water-heat coupling balance relationship between the water and energy in a basin, for which Fu [22] developed the following equation:
where , , and 0 represent the average annual precipitation, actual evapotranspiration, and potential evapotranspiration, respectively; is the model parameter, which has little correlation with the area of a certain basin but has a close relationship with the properties of the underlying surface, including the soil infiltration capability, plant-soil relative water demand capability, mean slope of the basin [23] , and the runoff coefficient [24] . Also has a dependency on the climatic properties of the watershed and the interaction between the climate and the hydrological response in a basin [25] . Therefore the parameter can be used to represent the characteristics of the water cycle in a basin.
This study uses the 5-year moving averages of precipitation and of actual and potential evapotranspiration as the input to (1) . In addition, the 5-year average actual evapotranspiration is calculated by the water balance equation based on the presumption that soil water content remains stable within a 5-year period [26] . With the results of based on (1), the abrupt change point due to the effects of human activities can be identified by the Mann-Kendall test [27, 28] .
Framework of Separating the Effects of Climate Change and Human Activities.
In this study, the human activities effects refer to the total influence of land use and cover change and water diversion for irrigation and industrial and domestic usage. The climate change effects refer to the total influence by the precipitation, temperature, or potential evapotranspiration changes. The total changes in mean annual runoff between two periods with different human activities and climate characteristics can be estimated by the following equation:
where Δ is the difference in annual average runoff.
pre obs and test obs are the mean annual measured runoff during the pretreatment period and the testing period, respectively; the period is divided by the abrupt change point identified in Section 3.1. For a given catchment, the total runoff change between the two periods can also be described as follows, when considering climate change and human activities as independent variables at the basin scale [2] :
where Δ is the average runoff change due to the climate change and Δ is the runoff change due to human activities. Sections 3.3 and 3.4 provide the details for estimating Δ and Δ using the hydrological modeling approach and climate elasticity approach, respectively.
Hydrological Modeling Approach.
In view of the uncertainties associated with the model structure, parameter calibration, and scale change, we select two kinds of hydrological models, the SIMHYD lumped model and the SWAT distributed model. The hydrological model is calibrated and validated in the pretreatment period and then used to simulate the hydrological processes in the testing period. The difference between simulated runoff and observed runoff in the testing period is used to quantify the impact of human activities as follows:
where test sim and test obs are the average simulated and observed annual runoff for the testing period, respectively. The impact of climate change can be quantified via (3) .
The SIMHYD model is a lumped hydrological model developed by Chiew et al. [29] , which is simple but useful and has been tested in China [30] . In SIMHYD, evapotranspiration is calculated based on the potential evapotranspiration constrained by available soil moisture. Runoff generation is estimated from three sources: infiltration excess runoff, interflow (saturation excess runoff), and base flow. The inputs of this model are the daily precipitation and potential evapotranspiration.
The SWAT model is a management model for large and medium-size basins developed by the American Agricultural Ministry [31] . In this study, the SWAT version 2005 is used. The SCS curve method is adopted to calculate runoff for the daily meteorological data available and the Penman-Monteith Equation is used to calculate the potential evapotranspiration. Similar studies have confirmed the applicability of the SWAT model in the Luan River basin [32] . The inputs to this model include both meteorological datasets and the digital geographic information datasets.
The Shuffled Complex Evolution Method (SCE-UA) [33] is used to calibrate the parameters by maximizing the NashSutcliffe efficiency coefficient (NS) [34] for both models. The NS, relative error (RE), and correlation coefficient ( ) are selected as the model performance indicators. 
Climate Elasticity
Pike, 1964 [38] (1 + −2 )
The parameters and in the Fu and Zhang method should be calibrated firstly.
as the ratio of the runoff variation rate to the variation rate of a certain climate factor as follows:
Based on the assumption that the response of runoff to the climate factors is mainly caused by precipitation and potential evapotranspiration, we can obtain the following equation [10] :
where Δ and Δ 0 are the variation of precipitation and potential evapotranspiration, and and 0 are the runoff elasticity to precipitation and potential evapotranspiration, respectively. By calculating Δ , the effects of climate change and human activities can be separated. and 0 need to be estimated firstly. Sections 3.4.1 and 3.4.2 describe the nonparametric method and Budyko-based methods to estimate the climate elasticity coefficients.
Nonparametric Method.
Sankarasubramanian et al. [12] developed a nonparametric method to estimate , and the method has been validated in China [40] :
where , are the annual runoff and precipitation and , are the average annual runoff and precipitation.
Budyko-Based Methods.
Based on the water balance equation and the Budyko coupling balance theory, we can obtain the following equation [13, 41] :
where the aridity index = 0 / and six commonly used forms of the Budyko hypothesis [13, 42] adopted in this study are showed in Table 1 .
Results
Abrupt Change Point Analysis.
In this study, the Fu model based on the Budyko hypothesis and the Mann-Kendall (MK) test are used to detect the abrupt change point in the LRB using data covering 1958∼2009. First, the values of in the Fu model are calculated based on (1) using observed precipitation, calculated potential evapotranspiration by Hargreaves method, and actual evapotranspiration obtained from the water balance, as shown in Figure 2 (a). The actual evapotranspiration, which is important for the application of (1), should be validated first. The average annual actual evapotranspiration is about 400 mm and shows a slight increasing trend from 1958 to 2009, which is similar to the results obtained by Xu and Yang [43] . Figure 2 [44] found that the MK test result is distinct from the influence of time series autocorrelation when the significance level is greater than 95%. Therefore, we analyze the change point after excluding the series autocorrelation. The results show that the change point in occurred in 1999 (Figure 2(b) ). Furthermore, the double mass curve analysis (the curve of the relationship between accumulated annual observed runoff (RA) and precipitation (PA)), which is frequently used to detect hydrological changes caused by human activities [45] , is also used to detect whether there is a change point of the water cycle, as shown in Figure 3 In this work, time series analysis is also used to estimate the variation of annual runoff, precipitation, and potential evapotranspiration (PET), as shown in Figure 4 . The results show a slight decreasing trend in PET (−0.51) and precipitation (−1.25) and a relatively stronger decreasing trend in runoff (−2.04). In addition, compared with the pretreatment period, the reductions were 62.61 mm, 15.06 mm, and 87.30 mm for precipitation, PET, and runoff, respectively, in the testing period. The corresponding changing ratios were −12.4%, −1.70%, and −84.5% (see Table 2 ). These values show that the variation ratio of average annual runoff was much larger than that of precipitation and PET. Table 2 also provides the trend results of annual runoff, precipitation, and PET based on the MK test, which indicate that annual runoff decreased significantly ( = 0.05, is the significance level) with an MK statistics slope of −2.29, while the annual precipitation and PET showed no significant decreasing trends ( = 0.05). The results above suggest that the reduction of runoff was not caused solely by the reduction in precipitation and PET, so human activities may also have had an important impact on the runoff decline.
Hydrological Modeling
Model Performance.
The SWAT and SIMHYD models are applied to simulate the hydrological processes in the LRB. First, two-thirds of the observed data are used to calibrate the two models and the calibrated parameters are used to simulate the streamflow for the remaining one-third of the observed data in the pretreatment period for model validations. It should be noted that the two hydrological models do not simulate the reservoirs in the calibration and validation for the human activities is limited in this period. Results of the model calibration and validation at monthly time steps for the two models are shown in Figure 5 . In the scatter plots in Figure 5 , the observed monthly streamflow is plotted along the -axis and the simulated streamflow is plotted along the -axis. Figure 5 shows that both models perform well in model calibration and validation with high Nash-Sutcliffe efficiency coefficient (NS), correlation coefficient ( ) values, and low relative error (RE) values, as also shown in Table 3 As discussed above, the difference between average annual simulated runoff and observed runoff in the testing period represents the impact of human activities. The water balance error between annual observed runoff and annual simulated runoff (AWBE) will impact the quantitative results. From the statistical results in Table 3 , the values of AWBE are 0.05 and 0.10 in the calibration period and 0.03 and 0.08 in the validation period for the SWAT and SIMHYD models, respectively; that is, the errors are acceptable for the two models and they perform well for annual runoff simulation. From Figures 5 and 6 , we can see that the simulated streamflow is much greater than the observed streamflow in the testing period. Therefore, it is necessary to examine the water balance error between annual observed runoff and simulated runoff in the dry periods (AWED) in the pretreatment period. We select the dry years (at a guaranteed rate of 75%) to test the two models. As shown in Table 3 , the AWED values are 0.14 and 0.08 in the calibration period and 0.02 and 0.15 in the validation period for the SWAT model and the SIMHYD model, respectively. These results indicate that the two models perform well and there are no systemic errors in the simulation of annual runoff in the dry periods, which can be regarded as a scientific basis for distinguishing the influences of climate change and human activities.
Quantifying the Effects of Climate Change and Human
Activities. The SWAT and SIMHYD models are used to simulate the hydrological processes in the LRB during the testing period, based on the calibrated parameters in the pretreatment periods. The scatter plots in Figure 5 (the third column) and Figure 6 show a great difference between observed streamflow and simulated streamflow at monthly and yearly time steps in the testing period. Table 4 provides the statistical values of observed and simulated runoff in the pretreatment and testing periods. We can see that the simulated annual runoff after the change point is much greater than the observed annual runoff. As stated previously, the difference between the average observed and simulated runoff reflects the influence of human activities. Meanwhile, the difference in the observed runoff between the testing period and the pretreatment period represents the total influence of climate change and human activities. Therefore, the effects of climate change can be obtained by calculating the difference between total influence and human activities influence. Results presented in Table 5 show the total difference caused by climate change and human activities is 87.3 mm. The reduction runoff caused by human activities is 50.56 mm and 46.44 mm based on the SWAT and SIMHYD models, respectively. The runoff reduction caused by climate change was 36.74 mm and 40.86 mm based on the two models. The influence of human activities on the runoff accounted for 57.9% and the influence of climate change accounted for up to 42.1% according to the SWAT model. According to the SIMHYD model, human activities accounted for 53.2% of runoff decrease and the influence of climate change accounted for up to 46.8%. Table 6 , we can see that there are some differences among the seven methods for estimating the elasticity coefficients varying from 2.078 to 2.849.
Climate Elasticity
Based on (5), the impacts of climate change on runoff are quantified as shown in Table 6 . The results indicate that the influence of climate change accounted for 28.3∼38.1% of the runoff reduction, equivalent to about 29.9 mm reduction in runoff, while the contribution of human activities was 61.9∼ 71.7%.
Discussion
The compared results by the two approaches including nine methods in Figure 7 show that the runoff reduction caused by climate change was 28.3∼46.8%, and the corresponding contribution due to human activities was 53.2∼71.7%. The results indicate that the effect of human activities was stronger than that of climate change. This finding agrees with the previous studies [46] . As described earlier, runoff showed a remarkable decreasing trend even though precipitation and PET presented no significant trends, thereby indicating that human activities may be the driving factors for runoff decline. Water-related human activities including land use and cover change and water diversion for irrigation and industrial and domestic water use are considered to be responsible for the runoff decline.
Statistics shows that the forest cover has decreased by 8% in the LRB since the mid-1990s, and the reduction in forest cover usually results in an increase in runoff [47, 48] . However, the observed runoff in the LRB has shown a decreasing trend in the past years; this may be related . Water diversion to Tianjin and Tangshan is used for industry and urban life from the PR and DR. Water is also diverted for the irrigation in the Luanxia Irrigation district from the PR, DR, and TR and in Miaogong Irrigation district from the MR following increases in the area of farmland. As a result of the economic development and the population increase, the water demand by industry, domestic usage, and irrigation has increased [49, 50] , subsequently resulting in the decreases in streamflow in the basin. Meanwhile, the irrigation may trigger high evapotranspiration and farmers have to collect runoff to enhance crop yield, which will also reduce the runoff [46] . In this study, two kinds of climate elasticity methods are used to separate the effects using only the observed annual hydroclimate data. The quantitative results mainly depend on the estimation of the runoff elasticity to precipitation. From these results, the nonparametric method overestimates the reduction caused by climate change when compared with the Budyko-based methods. A possible reason may be the relatively small sample size of the historical data which leads to a relatively large error in the nonparametric method [10] . Another reason may be the reduction in runoff influenced by human activities, which lead to an overestimation of the runoff elasticity to precipitation by nonparametric method as shown in Figure 8(a) , where the runoff elasticity increases with the runoff decline. Among the six Budyko-based methods, the results of the Fu and Zhang methods indicate a lower impact of climate change than the other four methods, which is also caused by the underestimation of the runoff elasticity. Figure 8(b) shows the relationship between aridity index and runoff elasticity to precipitation. From the curves in Figure 8 (b), we can see that when the aridity index is around 1.5 to 2.0 (the aridity index is 1.797 in the Luan River basin), the runoff elasticity to precipitation calculated by Zhang and Fu methods is smaller than that obtained by the other four methods.
The quantitative results of the two hydrological models reveal a slight difference between the models, which is mainly due to the model uncertainties. The uncertainties associated with parameter calibration are shown in Figure 9 . Figure 9 shows the simulated annual runoff in the testing period, along with the 95% confidence range as obtained by the two models. We can see that the difference of simulated runoff and observed runoff ranges between 34.55 mm and 63.41 mm. In the SWAT model, the contribution of human activities to the reduction in runoff was 40∼70% with a mean value 55%. With the SIMHYD model, the difference between simulated runoff and observed runoff varied from 23.80 mm to 65.60 mm. The contribution of human activities to the reduction in runoff was 30∼75% with a mean value of 53%. From the uncertainty analysis, we can see that parameter calibration may have an influence on the quantitative results. Meanwhile, we can see both the lumped SIMHYD model and the SWAT model provide useful means of quantifying the impacts, but the SIMHYD model uses fewer input datasets and is easier calibrated as described above. However, to reveal more details of the hydrological cycle, distributed hydrological models are required in the quantitative studies.
In general, both of the climate elasticity and hydrological modeling approaches have their own advantages.
The climate elasticity methods are comparatively simple with fewer inputs, while the hydrological models can simulate the water cycle with higher spatial and temporal resolution. However, there are still uncertainties associated with the results obtained by both approaches. The estimation of runoff elasticity is still a difficult problem for the climate elasticity methods, and the model uncertainties will affect the quantitative results produced by the hydrological modeling approach. Furthermore, the method used for separating the effects of climate change and human activities as two independent variables will also introduce uncertainties because these two factors interact with each other. For example, human activities such as urbanization may affect the energy and water fluxes back to the atmosphere which could cause changes in climate variables such as temperature and precipitation and thus changes in runoff. Meanwhile, climate change would also influence human activities such as land use and therefore subsequently cause runoff changes.
Conclusions
Here, an integrated quantitative method is successfully applied in the Luan River basin using the Budyko-based Fu model, hydrological modeling, and climate elasticity approaches. Firstly, the Budyko-based Fu model is used to explore the underlying surface characteristics of the basin. The results indicate that the change point takes place in 1999. Secondly, the hydrological modeling and climate elasticity approaches are used to separate the effects of climate change and human activities. The effect of climate change on runoff changes is about 28.3∼46.8% and that of human activities accounted for about 53.2∼71.7%. The human activities including land use and cover change and water diversion for irrigation and industrial and domestic water use are considered to be responsible for the runoff decline in the basin. The results in this study could provide a scientific basis for the sustainable water resources planning and management under the influence of climate change and human activities.
In addition, the hydrological modeling approach and climate elasticity approach are compared. Climate elasticity methods are comparatively simplistic and based on fewer data, which is a good attribute for large-scale application, while the hydrological models can simulate the water cycle with higher spatial and temporal resolution. It has been proved that both approaches can effectively evaluate the influences of climate change and human activities on hydrological processes. Although the effects of climate change and human activities are successfully separated in this study, a more indepth analysis of the effects of climate variables, land use and cover change, water diversion, and other water-related human activities is needed in further work.
